Mechanical performance of marine sandwich panels comprising E-glass/vinyl ester face sheets and perforated poly-vinyl chloride (PVC) foam core was evaluated and compared with conventional foam core sandwich panels. Circular holes through the foam core thickness were drilled with twelve different arrangements in square patterns and the holes were filled with the resin during the infusion process which created the through the thickness solid resin pins. The effect of each pattern on the flatwise compression and core shear properties of the sandwich panels were experimentally investigated. The three-point bending maximum failure load of perforated foam core sandwich (PRFCS) panels was increased over 133.8% by increasing the diameter of the resin pins at the expense of increased panel weight up to 67%. The flatwise compression stress to induce core crushing was significantly increased by reinforcing resin pins.
Introduction
Sandwich composites are used in a wide range of applications in aircraft, aerospace, marine and automotive industries mainly because of their great bending resistance, lighter weights, and corrosion resistance 1 . A sandwich structure comprises of two thin, stiff and strong face sheets, which are separated by thick, lightweight and low-strength core materials 2 . The basic concept of a sandwich composite is that the face sheets primarily resist the bending and in-plane loads while the core is effective on the flexural stiffness, out-of-plane shear and compressive behavior. The overall performance of a sandwich structure is determined by the mechanical properties of the face sheets, rigidity of the core, face-to-core bonding characteristics and quality of the manufacturing 3, 4 . In marine foam core sandwich (FCS) structures, face sheets are usually composed of glass fiber reinforced polymer (GFRP) or carbon fiber reinforced polymer (CFRP) material systems while balsa wood, closed-cell PVC foam and polyester non-woven core mat fabrics are used as core material 5 . In modern boat and yacht manufacturing, vacuum-assisted resin transfer molding (VARTM) is commonly used to manufacture large hull and deck components. The VARTM method enables to produce defect free marine sandwich composites with great dimensional stability and high fibre content for maximum specific strength/rigidity and fatigue resistance 6 . In the VARTM method, perforated and grooved foam core configurations have been preferred in practice in order to enhance resin flow across the face-core interface and face fabrics of the marine sandwich structures. However, such perforations increase the weight of the sandwich panel due to increased resin volume, which has a significantly higher density in comparison to the foam core 7, 8 . In addition to core modification process, stitching, Z-pinning, and shear key methods have been developed to improve the debonding and delamination resistance of sandwich panels.
glass/polyester face sheets and PVC foam core with and without perforation. The through-thickness circular perforations of 3.2 mm average diameter arranged in a 25 mm square pattern were designed to improve resin flow and bonding between the face skins and the core. It was highlighted that using such core-perforated panels had no advantage on in-plane shear properties, but compression strength was greatly improved with a slight improvement of fracture toughness. However, the specimen weight was increased by 30%. Mechanical properties of the foam core sandwich composites with different hole patterns were investigated by Halimi F. et al. 21 . Hexagonal and square patterns with 2 and 4 mm diameter holes were drilled on the PVC foam to facilitate the resin flow from one side of the core to the other. Maximum load and energy absorption capacity under flexural tests increased up to 38% and 100%, respectively. Abdi B. et al. 22, 23 reported the mechanical properties of pin-reinforced foam core sandwich (PRFCS) panels. The hole diameters of polymer pins had a large influence on the flexural, out-of plane compression and indentation behavior of PRFCS panels. The flexural properties of PRFCS panels with a pin diameter of 2 and 3 mm (PRFCS2 and PRFCS3) were increased by 44.9% and 48.6% in maximum value for load/weight compared to the foam core sandwich (FCS) panels, respectively 22 . Moreover, the ultimate compression failure load/weight values of PRFCS2 and PRFCS3 samples were found to be 3.6 and 5.53 times higher than FCS panels 23 .
Although there have been some efforts devoted to investigate the perforated foam core panels, the effect of the perforations as a function of the hole area density is not fully understood. Z-pinning and stitching methods have manufacturing difficulties in marine sandwich constructions and they increase production time and the fabrication cost due to additional preparation and processing required. Furthermore, when Z-pinning and stitching processes are performed through the layers of face sheets, the load bearing fibers are distorted and the plies are damaged while introducing the pins or yarn to the face sheets. Therefore, initial damage may induce in the structure which reduces the mechanical performance of the laminates 9, 13 . It should also be noted that perforated core materials may be used in conjunction with the shear key, and stitching methods. For instance, Yalkin H.E et al. 24, 25 , used the perforated-stitched foam core to ensure performance improvement for the sandwich composites. Authors reported that stitching the foam core can be a difficult procedure for composite manufacturers, so stitched-foam products need to be launched as a new product from suppliers. However, the perforated and grooved core configurations are commercially available and can be used in boat/yacht building without the need of any additional operations. The large composite parts such as boat hull and deck may be constructed "in one go" by the VARTM method.
In the present work, the main objective is to study the mechanical performance of marine sandwich panels composed of perforated PVC foam core and E-glass/vinyl ester laminates with two different stacking sequences. In the construction of hulls, the thick face sheet is placed as the outer side and bears the loads and covered by a foam core reducing the vibration and noise on board, while the thin one is placed as the inner side and eases the junction with the other components of the boat 26, 27 . The effect of various square perforation patterns on the flexural, and flatwise compression behavior of the PRFCS panels was investigated experimentally. The flexural and compression properties and strength of the PRFCS samples have been presented in comparison with nonperforated control sample.
Material and methods
Sandwich samples were composed of E-glass fiber/vinyl ester face sheets and closed cell PVC foam core material. The 25 mm thick core material has a density of 80 kg/m 3 , manufactured by Airex AG Inc. and marketed by the trade name of Airex C70.75. The holes extending through-the-thickness of the PVC foams were drilled by a CNC machine in a square arrangement. Then, the holes were cleaned by compressed air to remove the dust and other particles. These through-thickness perforations help the resin flow during the infusion process and the resin in these holes formed the solid pins when the panel is completely cured as seen in Fig 1a. The face material system consists of E-glass noncrimp biaxial fabrics and E-glass mats with an 850 gr/m 2 and 450 gr/m 2 areal weights, respectively. The stacking sequences and thicknesses of upper and lower face-sheets are given in Table 1 The effective mechanical properties of face -sheets (in warp direction of fabrics and in the longitudinal direction of panel) of the sandwich panel were determined from testing of coupon specimens following the ISO and ASTM test standards 28-31 and are listed in Table 2 . PVC foam properties were obtained from data sheets (Table 3) . Sandwich panels were fabricated using vacuum assisted resin transfer molding (VARTM) method with bisphenol-A epoxy vinyl ester resin. The samples were cured at room temperature for 24h. The side dimensions of the perforated PVC foams with 4, 6 and 8 mm holes are 12, 14, 16, 18 mm as illustrated in Fig 1b. Here, a side dimension of a square pattern represents the distance between the centers of the holes. The sandwich panels will be hereafter designated with the hole diameter and the side dimensions (s). Experimental study
Three-point bending tests
Three-point bending tests of PRFCS samples were performed in accordance with the ASTM C393/C393M-16 standard in order to determine the flexural properties 32 . The length of the support span was equal to 200 mm. A Zwick Roell Z250 test machine with a 250 kN load cell was used to load the samples at a constant crosshead speed of 6 mm/min. Due to the unsymmetrical nature of the face sheets, flexural down (the thicker face sheet is at bottom surface) and flexural up (the thicker face sheet is on top surface) loading were performed, as shown schematically in Fig. 2 . This test typology was previously used by Di Bella G.et al 33 . Di Bella et al. used such an unsymmetrical laminate to realize the cover exhaust part of a boat. The dimensions of the sandwich beam based on the test configuration 32 for the three-point bending tests are 250 mm × 90 mm. Both the failure loads and failure type of the PRFCS samples were recorded and compared with the FCS control sample. For each type of sample, at least three tests were conducted to ensure the repeatability of the bending test results.
[insert Figure 2 .]
Flatwise compression tests
Flatwise compression tests were performed according to the ASTM C365/C365M-05 34 . The compressive strength and modulus of the PRFCS samples were investigated in comparison to those of FCS samples. Figure 3 presents the schematic view of the flatwise compression test fixture. Tests were performed at a displacement rate of 0.5 mm/min. The dimensions of the test samples were 80 mm × 80 mm. Flatwise compression tests of selected PRFCS samples (Ø4-s12, Ø4-s16, Ø6-s14, Ø6-s16, Ø8-s12 and FCS control sample) were performed to observe the enhancement in the core crushing strength with the presence of the perforations. The test for each sample was repeated at least three times to make sure the repeatability of the compression test results.
[insert Figure 3.] Results and discussions Table 4 . The three-point bending test results of FCS samples are illustrated in Figure 4 . Deflection at failure load and maximum load of the FCS sample in flexural up loading are higher due to the presence of the thicker skin in the upper side (Table 4) . This results in a higher resistance of the FCS sample to local buckling. These samples failed due to the local buckling of the top face sheet under both loading types.
[insert Figure 4 .] The flexural down test results of the PRFCS samples with Ø4, Ø6 and Ø8 mm hole diameters with 12, 14, 16 and 18 mm side edge dimensions are shown in Figs.5-7. Perforated samples with the largest diameter (Ø8 mm) have the highest load carrying capacity under bending. Approximately 134 % increase was observed in the bending failure load of Ø8-s18 samples in comparison to the FCS sample. Moreover, nonperforated FCS sample and Ø8-s18 samples failed under 4.573 mm and 10.057 mm deflection, respectively ( Table 4 ). The pins increased the flexural stiffness and maximum load carrying capacity of the sandwich panels. It is clear that increased resin pin diameter increased the failure load of the PRFCS panels under three-point bending test. Because, increased resin pin diameter reduced the volume of the relatively softer PVC foam and improved the shear properties of the PRFCS panels. The pins stiffens and strengthens the PVC foam against failure at low shear loads while the foam core supports the pins and keeps them from collapsing under the effect of a shear force. Experimental results showed that PRFCS panels showed different failure mechanisms in the flexural down tests. Figures 8 a, b and c show the failure mode of PRFCS samples subjected to the flexural down loading. Ø4-s18 samples failed due to local face sheet buckling along the loading line and no failure was observed in the foam core. The resin pins were buckled and the upper face sheet was failed at the contact location of crosshead and face sheet in these samples. Ø4-s14 and Ø6-s18 samples showed both upper skin buckling and core shear failure. Other PRFCS samples collapsed due to core shear damage. The deviations in the maximum loads and deflections at failure loads of the sandwich samples are related to their failure mechanisms. As can be seen from Table 4 , for instance Ø4-s14 sample showed a lower failure load at around similar deflection in comparison with Ø4-s12 sample due to their damage type differences. The same result can be observed in the Ø6-s16 and Ø6-s18 sandwich panels. For the Ø4-s14 and Ø6-s18 samples, the load versus cross-head displacement curves showed oscillations in loading portion before core failure as seen in Figs. 5b and 6d . These oscillations are attributed to the failure of upper face sheet. Ø4-s12 and Ø6-s12 samples showed linear behavior up to the initiation of the first shear crack in the foam core. This was followed by a non-linear behavior due to cracking of the foam core which decreased the stiffness of the panels as well as rupture of the resin pins (see Figs 5a and 6a) . However, Ø8-s12 samples initially showed a slight drop in the load and then a large plateau-like region after the peak load. This plateau was related to the crack propagation between the bottom face sheet and the foam core. There was an increased amount of deflection even without an increase in the applied load as illustrated in Fig. 7a . The resin pins continued to carry the load without being damaged until debonding was completed. Ø8-s14, Ø8-s16 and Ø8-s18 samples exhibited a bi-linear behavior (Figs.7 b, c d) . This was likely due to the resistance of the resin pins to inclination under the bending loads. A similar behavior was reported by Wang B. et al 35 . However, rupture of the resin pins due to shear loads was not observed in these samples (Fig. 8c) . This result indicated that the value of compression force of crosshead to generate shear cracking of the 8 mm resin pins is higher than the core shear strength of foam material.
[insert Figure 5 Figure 8d shows the failure modes of sandwich panels tested under flexural-up loading. Ø4-s12 and Ø4-s16 samples were damaged due to shear failure of foam core (Fig. 8d) . These samples showed a nonlinear response until failure as seen in Figs 8 a, b. Ø8-s12 and Ø8-s16 samples exhibited similar behavior in the curves when compared with those subjected to the flexural down loading. Core shear damage with more brittle manner was observed in all PRFCS samples tested in the flexural up position. This is shown by low deflection value at failure load as seen in Table 4 . The upper skin damage causing a poor load transfer capability between the sandwich constituents was not observed in flexural up tests 26 .
[insert Figure 8 .] [insert Figure 9 .] It can be concluded that the resin filled holes act as pins joining upper and lower face sheets to the PVC foam and so the applied load can be transferred to the bottom face sheet via the hole filled with vinyl-ester resin in the foam. It is known that shear strength of the core is one of the most important mechanical properties and is critical parameter when designing composite sandwich structures 36 . These pins provide resistance to the shear force and improve the load-bearing properties of the PRFCS samples. Moreover, when comparing the initial flexural stiffness from the load-displacement curves of PRFCS samples; stiffer panels were obtained with increasing the diameter of holes. The hole diameter had a considerable effect on the core shear failure loads. Also, the deflection at failure load increased with increasing the distance between the holes for both loading types. However, core modification on the PVC foam increased the specimen weight due to filling the holes with resin. The amount of change in weight of PRFCS samples with different square hole patterns is given and compared to FCS sample in weight gain section. Fig. 11 . The compression properties of PRFCS panels are higher than the FCS control panel as shown in Table 5 . The difference is due to the compression properties of the resin pins being higher than the PVC foam core alone. The compressive strength and modulus are increased by increasing the quantity of the resin pins in the foam core. The cured resin pins significantly increased the foam crushing resistance under compression load. For instance, an increase of about 570% was achieved in the compressive failure load of Ø8-s12 sample compared to the FCS sample (Table 5) . For the FCS control/reference sample, the foam carries the compressive load alone and when the compressive load reaches the maximum value, a large plateau region is observed in the load-displacement curve (Fig.10f) . Furthermore, FCS reference sample collapsed at 1.4 MPa stress level, which is the same value of compressive strength of pure PVC foam 20 . However, the compressive loads of PRFCS samples are mainly carried by the resin pins. Load-displacement curves of Ø4-s12, 16, Ø6-s14, 16, samples increases linearly up to yielding and then keep increasing non-linearly up to the maximum load (see Figs. 10 a-d) . Thereafter, load decreases smoothly with increasing deflection. This yielding point corresponds to the crushing failure of resin pins under compression loading. Beyond this point, the pins were subjected to permanent damage by being buckled up to failure. For Ø4-s12 and Ø4-s16 samples, the pins were broken following the buckling as seen in Figs. 11 a and b, whereas Ø6-s14 and Ø6-s16 samples experienced some inclination before the damage of the pins (see Figs. 11 c  and d) . It is clear from Fig. 10 that there is no obvious yield point in Ø8-s12 samples, which show a non-linear behavior up to maximum load. In this regime, resin pins with a 8 mm diameter experience a plastic deformation. As seen in Fig. 11 e, Ø8-s12 sample showed the largest pin inclination among others and then was exposed to buckling and crushing at the contact region between the face sheet and the resin pins. When the results are examined, the stronger pins experience a larger angle of inclination against the face sheets up to failure. As expected, this result indicates that pins with larger diameters are more resistant to buckling. Compression test results also showed that the increased side length (s) of the square pattern of perforations decreased the compressive strength and rigidity of the test samples.
[insert Figure 10 .]
[insert Figure 11 .] 
Weight gain
It is important to justify the use of resin pins for increasing the mechanical performance of the sandwich samples despite the weight penalty. For establishing the weight gain of the PRFCS samples due to resin filling of the core perforations, sandwich panel sections of 250 mm × 500 mm were weighted after the resin infusion process. The theoretical weights of the PRFCS panels were predicted based on densities and volumes of the resin, foam core and face sheet materials 20 . The measured and theoretical weight ratios of PRFCS to FCS samples are illustrated in Figs. 12a and 12b. As expected, the sample weight ratio (PRFCS/FCS) is increased with increasing the hole diameter and decreasing the distance between the holes. The difference between the theoretical calculations and the measurements is minor. It shows that the core perforations are almost completely filled with the vinyl ester resin. Table 6 shows the area fraction of hole (%), increase in weight (%) and PRFCS/FCS weight ratio of the samples. By utilizing perforated core with more dense area fraction of the holes, it was aimed to prevent the formation of "resin starved" areas, strengthen foam core to crushing and improve bearing capacity of the sandwich samples. The minimum and maximum weight gains with respect to FCS reference sample are 3.1% (Ø4-s18) and 67.4% (Ø8-s12) respectively. Furthermore, specific bending and compression failure loads ratios of PRFCS and FCS samples ( ⁄ ) are illustrated in Fig. 12c and 12d . All samples yield more increase in maximum bending loads than their weights. It was also observed that the specific compressive loads of the tested PRFCS specimens were at least 1.5 times and at most 4 times greater than the FCS sample. Therefore, the weight gain can be tolerated in critical applications where increased bending and compression properties are required.
[insert Figure 12 .] 
Conclusions
This paper presents an experimental study on the three-point bending, and out of plane compression of the perforated PVC foam core marine sandwich panels. The marine sandwich composites with perforated PVC foam exhibit a significant improvement in the bending load carrying capability and out of plane compressive strength. The resin pins rigidly connect the top and bottom face sheets to the PVC foam. It is seen that failure loads and damage modes of PRFCS panels in the three-point bending test depend on the resin pin diameter, distance between the centers of resin pins and the direction of the loading with respect to thicker and thinner face sheets. As expected, the highest improvement was obtained in flatwise compression loading. Solid pins improved the compression elastic modulus and the crush strength. By increasing the diameter of the cured resin pins, the maximum bending and compression failure loads of PRFCS panels were increased. As expected, the weight of the PRFCS panels increased, and so the strength to weight ratios of each ones was compared to FCS control sample. Considering the specific failure load ratios of the PRFCS and FCS samples, all samples showed more increase in compressive and bending strengths than their weights. This result revealed that the foam cores with more dense area fraction of the holes can be used in the design of marine sandwich composites when further load carrying capacity and core crushing resistance are required. Also, the foam core products can be easily drilled and machined by core manufacturers and such perforated foams can be employed by boat and yacht manufacturers without extra preparation and processing costs. This makes the use of perforated foam cores a simpler and a feasible method to achieve the desired performance in marine applications.
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